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ABSTRACT 
6 
The s p e c t r a  of Fe(d ) i n  ZnSe, ZnTe, CdS, CdTe, GaP and 
G a A s ,  and of Co(d ) i n  ZnSe, ZnTe, GaP and G a A s ,  are presented .  I t  7 
i s  found t h a t  a c r y s t a l  f i e l d  d e s c r i p t i o n  i s  u s e f u l  even  i n  such c o v a l e n t  
8 
m a t e r i a l s .  The c r y s t a l  f i e l d  s p l i t t i n g ,  A, depends on t h e  impur i ty  bu t ,  
f c r  a g iven  impur i ty ,  A v a r i e s  by less than  25% through t h e  I1 -VI  series. 
The Racah parameter  B i s  s t r o n g l y  dependent on t h e  h o s t  c r y s t a l  and 
c a n  d e c r e a s e  t o  less than  a t h i r d  of  t h e  f r e e - i o n  va lue .  From p l o t s  
of t h e  v a r i a t i o n  of  B and A w i t h  p r o p e r t i e s  of t h e  i m p u r i t y  or h o s t  
c r y s t a l ,  t h e  spec t r a .  of  h i t h e r t o  unexplored sys tems may be p r e d i c t e d .  
r 
I 
T h i s  work was Na t iona l  Aeronaut ics  and Space b 
Admin i s t r a t io  nd by t h e  Advanced Research  Projects  Agency. 
t 
* 
P r e s e n t  address :  I n s t i t u t e  of Exper imenta l  Phys ics ,  
Warsaw Unive r s i ty ,  Warsaw, Poland 
** 
Permanent address:  Min i s t ry  of Defense, S e r v i c e s  E l e c t r o n i c s  
Research Labora tory ,  Baldock, Herts .  
England 
c (PAOES) (CODE) 
4 2 75-L? - P 
(NASA CR OR TMX OR AD NUMBEdI 
4 .. . 
https://ntrs.nasa.gov/search.jsp?R=19670010572 2020-03-16T18:08:17+00:00Z
INTRODUCTION 
Ir, r ecen t  years a number of s t u d i e s  have been made of 
t h e  o p t i c a l  a b s o r p t i o n  spectra of 3dn t r a n s i t i o n  metal i m p u r i t i e s  i n  
1 1 - V I  semiconductors.  Examples are t h e  work of Pappalardo and Dietz 
wi th  CdS, and of Weakliem(2) w i t h  ZnO, ZnS and CdS. Loescher e t .  a l .  
extended t h e  area t o  t h e  1 1 1 - V  semiconductors by i n v e s t i g a t i n g  Co(d ) 
(1) 
(3) 
7 
i n  Gap. I t  i s  found t h a t  t he  s p e c t r a  are w e l l  de sc r ibed  by c r y s t a l  
f i e l d  theo ry  as long  as t h e  Racah parameters  B and C and t h e  
c rys ta l  f i e l d  s p l i t t i n g  A a re  taken  as q u a n t i t i e s  t o  be determined 
by experiment.  There i s  as y e t  no t h e o r e t i c a l  j u s t i f i c a t i o n  f o r  t h i s  
f a c t .  (4) A po in t  charge  model f o r  t h e  l a t t i c e  i s  c l e a r l y  i n a p p l i c a b l e ,  
and molecular -orb i t  a1 c a l c u l a t i o n s  have no t  y e t  reached t h e  s t a g e  a t  
which t h e y  can do more than q u a l i t a t i v e l y  reproduce s c m e  exper imenta l  
obse rva t ions ,  when t h e  hos t  l a t t i c e  is  a s  s t r o n g l y  cova len t  as t h e  ones 
under cons ide ra t ion .  
To elucidate  some of t h e  o p e r a t i v e  mechanisms, w e  have 
i n v e s t i g a t e d  t h e  way i n  which t h e  parameters  B and A vary  wi th  
i m p u r i t y  and w i t h  h o s t  l a t t i c e .  I r o n  (d ) and c o b a l t  (d  ) were chosen 6 7 
f o r  p a r t i c u l a r  a t t e n t i o n .  They are e a s i l y  in t roduced  i n t o  t h e  appro- 
p r i a t e  l a t t i ces .  I r o n  (d ) i n  t e t r a h e d r a l  c o o r d i n a t i o n  has  a f i r s t  6 
e x c i t e d  l e v e l  whose p o s i t i o n  i s  independent of B, so  in fo rma t ion  on 
t h e  v a r i a t i o n  of A is s i m p l y  ob ta ined .  Cobal t  (d  ) h a s  a d i s t i n c t i v e  7 
spectrum i n  a convenient  s p e c t r a l  range, from which both  A and B 
may be obta ined  . 
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EXPERIMENTAL 
The 1 1 - V I  and 1 1 1 - V  semiconductors were i n  t h e  form of 
s o l i d  i n g o t s  which were e i t h e r  s i n g l e  c r y s t a l  or c o a r s e l y  p o l y c r y s t a l l i n e .  
I r o n  or c o b a l t w e  normally in t roduced  by evapora t ing  a l aye r  of metal 
o n t o  a s l i c e  of semiconductor and then  d i f f u s i n g  a t  high temperature.  
The ZnSe: Co samples were grown by D r .  S. J. B a s s  of SERL by me l t ing  
ZnSe i n  a c losed  ampoule i n  t h e  presence  of c o b a l t  oxide.  The ZnSe: Fe  
samples were a l s o  grown by Dr .  B a s s ,  u s ing  vapor t r a n s p o r t  i n  a c losed  
tube  wi th  a t race of h a l i d e  as t r a n s p o r t i n g  agent .  (Without t h e  h a l i d e  
t h e  ZnSe t r a n s p o r t s  bu t  n o t  t h e  i ron . )  A f t e r  p o l i s h i n g ,  t h e  samples 
were mounted on t h e  co ld - f inge r  of a D e w a r  which had s a p p h i r e  windows. 
A carbon r e s i s t a n c e  thermometer was used t o  monitor t h e  sample tempera- 
ture* Because of t h e  low thermal c o n d u c t i v i t y  of materials c o n t a i n i n g  
Fe(d ), discovered  by Slack(5),  i t  was found t h a t  samples nominally a t  
l i q u i d  helium tempera tures  were i n  f a c t  a t  t empera tures  ranging  up t o  
8OK. 
2.w (4000 c m  ) and on a Perkin-Elmer 621 spec t rophotometer  f o r  l onge r  
wavelengths.  
6 
S p e c t r a  were measured on a Cary 14 I R  spec t rophotometer  ou t  t o  
-1 
(3) From arguments s i m i l a r  t o t h o s e  used by Loescher e t .  a l .  
f o r  Gap: Co, i t  appears  t h a t  t h e  s p e c t r a  are due t o  i r o n  o r  c o b a l t  
on s u b s t i t u t i o n a l  c a t i o n  s i t e s .  
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EXPERIMENTAL RESULTS 
6 (a) I ron(d  ) 
The s p e c t r a  of Fe(d ) i n  t h e  zinc-blende c r y s t a l s  
6 
ZnSe, ZnTe, CdTe, 
shown i n  F ig .  1. 
low e n e r g i e s  w i t h  
GaP and GaAs,  and i n  the  w u r t z i t e  c r y s t a l  CdS, a r e  
There are a few c lose ly-spaced  zero-phonon l i n e s  a t  
-1 
widths  less t h a n  t h e  r e s o l u t i o n  used, namely 6 c m  , 
A t  h i g h e r  e n e r g i e s  t h e r e  i s  a broader ,  more complex s t r u c t u r e .  
S l a c k  et. a l .  (6) have found similar s p e c t r a  f o r  i r o n  i n  c u b i c  ZnS and 
CdTe. 
( 7) Low and Weger have g iven  expres s ions  f o r  t h e  c r y s t a l  
f i e l d  l e v e l s  of a d6  c o n f i g u r a t i o n  i n  a cub ic  f i e l d ,  wi th  s p i n - o r b i t  
i n t e r a c t i o n s  inc luded .  I n  a t e t r a h e d r a l  f i e l d  t h e  D t e r m  is  s p l i t  
i n t o  t h e  l e v e l s  shcwr, i n  Table  I,  i n  which t h e  e n e r g i e s  are g iven  t o  
second o rde r .  W e  i n t e r p r e t  t h e  sharp  l i n e s  as be ing  t r a n s i t i o n s  from 
5T2 , t h e  decrease of i n t e n s i t y  t h e  E l e v e l s  t o  t h e  lowest l e v e l  of 
w i t h  decrease i n  energy r e f l e c t i n g  t h e  Boltzmann d i s t r i b u t i o n  over  t h e  
l e v e l s .  Table  I1 g i v e s  the p o s i t i o n  of t h e  s t r o n g e s t  s h a r p  l i n e ,  t h e  
s e p a r a t i o n  of t h e  lower energy l i n e s  from i t ,  and a c a l c u l a t e d  s e t  of 
s e p a r a t i o n s  t a k i n g  as r e p r e s e n t a t i v e  va lues  A = 2700 c m  and 
h = -80 c m  . (The f r e e  i o n  va lue  i s  -103 c m  .) There  appears  t o  be 
no s t a t i c  Jahn-Te l l e r  e f f e c t ,  f o r  o the rwise  w e  should have a d i f f e r e n t  
l i n e  p a t t e r n ,  as may be seen  from t h e  c a l c u l a t i o n s  of  Low and Weger. 
Goodenough has  given arguments t o  show t h a t  s t a t i c  Jahn-Tel le r  
d i s t o r t i o n s  of t e t r a h e d r a l  Fe(d ) i n  m o d e r a t e l y  cova len t  h o s t s  should 
be  small, i n  agreement w i t h  our  obse rva t ions .  
5 
5 
-1 
-1 -1 
6 
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The s t r u c t u r e  a t  h i g h e r  e n e r g i e s  i s  h a r d e r  t o  i n t e r p r e t ,  
p a r t l y  because it i s  d i f f i c u l t  t o  d i s t i n g u i s h  between v i b r o n i c  and 
e l e c t r o n i c  t r a n s i t i o n s .  From Table  I i t  i s  seen  t h a t  t h e r e  should be 
two l i n e s  a t  21x1 and 5111 beyond the  s h a r p  l i n e s ,  each s p l i t  by 
second o r d e r  i n t e r a c t i o n s .  I f  t h e  two broad s t r u c t u r e d  bands i n  t h e  
s p e c t r a  are a t t r i b u t e d  t o  t h e s e  t r a n s i t i o n s , t h e n  t h e  va lue  of 1 v a r i e s  
s t r o n g l y  from h o s t  t o  hos t ,  ranging down t o  h a l f  t h e  f r e e  i o n  va lue .  
T h i s  i s  i n  c o n t r a d i c t i o n  t o  t h e  observed s p l i t t i n g  of t h e  ground s ta te .  
A p o s s i b l e  e x p l a n a t i o n  l i e s  i n  t h e  Ham e f f ec t " ) ,  i n  which dynamical 
J ahn-Te l l e r  d i s t o r t i o n s  reduce t h e  apparent  v a l u e  of some f i r s t - o r d e r  
s p l i t t i n g s ,  bu t  may no t  e f f e c t  second-order i n t e r a c t i o n s .  Unfo r tuna te ly ,  
w e  have no way of e s t i m a t i n g t h e  magnitude of t h e  e f f e c t .  Indeed the  
apparent r educ t io r ,  of h may be so great t h a t  t h e  t r a n s i t i o n s  t o  
t h e  T2 
s h a r p  l i n e ( 6 ) .  
t h i s  paper, w e  simply n o t e  t h a t  t h e  main s h a r p  l i n e  w i l l  have an energy  
5 
l e v e l s  are a l l  contained i n  t h e  s t r u c t u r e  c l o s e  t o  t h e  main 
S ince  t h e  f i n e  s t r u c t u r e  is  n o t  t h e  primary concern of 
( 1) 
138 h2 E = A + 3 y h + -  - 5 A  
where y i s  a r educ t ion  f a c t o r  l y i n g  between 0 and 1. 
I n  t h e  w u r t z i t e  s t r u c t u r e ,  t h e  c a t i o n  s i t e  has  approxi- 
mate te t rahedra l  symmetry,  t o g e t h e r  w i t h  a sma l l  a x i a l  component. 
Correspondingly,  t h e  spectrum of  CdS: F e  i s  s i m i l a r  t o  t h a t  o f  t h e  
zinc-blende materials but  shows small  a d d i t i o n a l  s p l i t t i n g .  Four l i n e s  
-1 -1 
are re so lved ,  and from t h e s e  w e  deduce a = 2800 c m  , h = -95 c m  , 
-1 
and t h e  t r i g o n a l  a x i a l  f i e l d  component, b, i s  + 70cm . 
- 5 -  
(b) Cobalt(d ')  
Pappalardo and Dietz'') have d i scussed  i n  d e t a i l  t h e  
f i t t i n g  of t h e  spectrum of CdS: Co t o  a c r y s t a l  f i e l d  l e v e l  scheme,, 
and Weaklien(2) has  done t h e  same f o r  ZnO: Co, ZnS: Co and CdS: Co. 
W e  f i n d  s imilar  s p e c t r a  for Co(d ) i n  ZnSe, ZnTe and CdTe, a s  shown 
i n  F ig .  2. J u s t  beyond t h e  v i s i b l e  r eg ion  t h e r e  i s  a s t r o n g  peak due 
t o  t h e  A2(F) - 4T (P) t r a n s i t i o n ,  showing s t r u c t u r e  caused by s p i n -  
o r b i t  s p l i t t i n g  and mixing with nearby doub le t s .  F u r t h e r  i n t o  t h e  
in f r a - r ed  t h e r e  is  ano the r  absorp t ion  due t o  t h e  4A2(F) - T1(F) 
t r a n s i t i o n ,  and n e a r  3500 c m  is t h e  very  weak a b s o r p t i o n  due t h e  
symmetry forb idden  4A (F) - 
va lues  of B and A as deduced from t h e  s p e c t r a .  
7 
4 
1 
4 
-1 
4 T (F) t r a n s i t i o n .  T a b l e  I11 g ives  t h e  2 2 
Lcescher e t .  a1.(3) measured t h e  spectrum of Gap: Co 
a t  l i q u i d  n i t r o g e n  temperature and deduced v a l u e s  f o r  B and A . 
A t  helium tempera tures ,  t h e  spectrum,Fig. 2 (d ) ,  i s  b e t t e r  r e so lved ,  
I t  is  no t  p o s s i b l e  t o  f i t  t h e  a b s o r p t i o n  peaks e x a c t l y  wi th  c r y s t a l -  
f i e l d  expres s ions ,  bu t  t h e  va lues  B = 290 c m  , A = 5400 c m  , g i v e  
a f i t  t o  w i t h i n  200 c m - l .  
f i e l d  approach has  gone f u r t h e r .  
i s  c l ea r ly  v i s i b l e  i n  F ig .  2 (e ) ,  even though i t  i s  c l o s e  t o  t h e  main 
-1 -1 
I n  GaAs:  Co t h e  breakdown of t h e  c rys ta l  
The d i s t i n c t i v e  4T,(P) a b s o r p t i o n  
a b s o r p t i o n  edge of G a A s .  Three  o t h e r  bands are seen. Without addi -  
t i o n a l  experiments i t  i s  not p o s s i b l e  t o  i d e n t i f y  them, s i n c e  T1(F) 
w i l l  be i n t e r a c t i n g  wi th  nearby d o u b l e t s .  N o  set of va lues  of B ,  
4 
A, and h f i t  t h e  spectrum exac t ly ,  bu t  i t  appea r s  t h a t  A is about 
t h e  same as  f o r  Gap: Co, while B must be less than  a q u a r t e r  of 
t h e  f r e e - i o n  va lue .  
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D I  SCUSS I ON 
6 I t  may be seen from Eq. 1 t h a t  €or Fe(d ), t h e  va lue  
of  A i s  c l o s e  t o  t h e  energy of t h e  main sharp l i n e .  F igu re  3 shows 
t h e  main l i n e  energy i n  1 1 - V I  compounds as a f u n c t i o n  of atomic spac ing  
i n  t h e  hos t  l a t t i ce .  The v a r i a t i o n  i n  energy is  not  g r e a t ,  bu t  there  
i s  a d e f i n i t e  t r end  f o r  A t o  decrease a s  t h e  c r y s t a l  spac ing  i n c r e a s e s  
and t h e  c r y s t a l  becomes more c o v a l e n t l y  bonded. I n  ga l l i um phosphide, 
i r o n  w i t h  a d6  c o n f i g u r a t i o n  h a s  accepted  an e l e c t r o n  and is  n e g a t i v e l y  
charged wi th  r e s p e c t  t o  t h e  gall ium atom t h a t  i t  r e p l a c e s .  The va lue  
of A f o r  Gap: Fe i s  15% g r e a t e r  t han  i t  would be f o r  a 1 1 - V I  compound 
wi th  t h e  same l a t t i c e  cons t an t ,  w h i l e  f o r  G a A s :  Fe t h e  cor responding  
f i g u r e  i s  8%. 
7 
I n s p e c t i o n  of Table  I11 shows t h a t ,  for C o ( d  ) i n  t h e  
1 1 - V I  series, t h e  v a r i a t i o n  of A i s  aga in  rather small .  Any 
systematic v a r i a t i o n  is l a r g e l y  masked by u n c e r t a i n t i e s  i n  t h e  para-  
meter va lues ,  bu t  aga in  A t ends  t o  d e c r e a s e  as t h e  c r y s t a l  becomes 
more cova len t .  Cobalt(d ) i n  GaP i s  n e g a t i v e l y  charged and t h e  va lue  7 
of A i s  aga in  inc reased  over t h a t  expected f o r  a cor responding  
1 1 - V I  compound, t h i s  t i m e  b y  about 50%. 
n S i n c e  A i s  roughly  cons t an t  for a g iven  3d impur i ty  
i n  t h e  1 1 - V I  series, i t  i s  meaningful t o  ask how A v a r i e s  w i t h  
impur i ty ,  i r r e s p e c t i v e  of t h e  h o s t  c r y s t a l .  Before  doing  so, w e  
have t o  cons ide r  one complication. When comparing e l e c t r o n i c  t r a n s i -  
t i o n  e n e r g i e s ,  one should use t h e  b a r y c e n t r e s  of t h e  a b s o r p t i o n  
bands‘”), no t  t h e  zero-phonon l i n e  p o s i t i o n s .  
d i scussed  i n  t h i s  paper,  the  d i s t i n c t i o n  is  unimportant excep t  f o r  
I n  t h e  semiconductors 
- 7 -  
5 manganese (d ) and 
h e r e  are t h e r e f o r e  
F igu re  4 shows A 
6 6 i r o n  (d ). The va lues  of A f o r  Fe(d ) used 
-1 g r e a t e r  by about 200 c m  t h a n  t h o s e  used above. 
f o r  d i v a l e n t  t r a n s i t i o n  metal i m p u r i t i e s  i n  1 1 - V I  
compounds. The d a t a  were i n  p a r t  c u l l e d  from t h e  l i t e r a t u r e ,  w h i l e  
o t h e r  p o i n t s  came from t h e  p re sen t  work and from t h e  unpublished 
abso rp t ion  spectra measured by one of u s  (JWA) f o r  T i (d  ), V(d ) ,Cr(d ) 
and N i ( d  ) i n  ZnSe. Because of s p e c i a l  d i f f i c u l t i e s  of i n t e r p r e t a t i o n ,  
t h e  va lues  f o r  Mn(d ) are open t o  q u e s t i o n ,  I t  can  be seen  t h a t  t h e  
d a t a  e x h i b i t  a d e f i n i t e  p a t t e r n ,  w i t h  A be ing  g r e a t e s t  nea r  f i l l e d  
or h a l f - f i l l e d  s h e l l s .  W e  have no exp lana t ion  f o r  t h i s .  S l ack  
has observed a s u p e r f i c i a l l y  s imi la r  behavior  of t h e  cova len t  r a d i i  
of t h e  d i v a l e n t  atoms, but t h e  maxima and minima i n  t h e  r a d i i  occur  
a t  one atomic number g r e a t e r  t han  t h e  cor responding  f e a t u r e  i n  A .  
2 3 4 
8 
5 
( 5 )  
Weakliem(2) has poin ted  o u t  a c o r r e l a t i o n  between t h e  
7 
Racah parameter B and t h e  anion p o l a r i z a b i l i t y  f o r  Co(d ) i n  
va r ious  compounds. Our r e s u l t s  enab le  t h i s  t o  be extended t o  much 
lower v a l u e s  of B. Because w e  a r e  a l s o  i n t e r e s t e d  i n  1 1 1 - V  compounds, 
i t  is  more convenient  t o  use t h e  e l e c t r o n i c  d i e l ec t r i c  c o n s t a n t  (i.e.,  
n , t h e  squa re  of t h e  i n f r a - r e d  r e f r a c t i o n  index) ,  as be ing  more a c c e s s i -  
b l e  than  t h e  an ion  p o l a r i z a b i l i t y .  F igu re  5 shows t h e  r e l a t i o n  between 
n and B ,  where is t h e  r a t i o  of t h e  va lue  of B i n  t h e  c r y s t a l  
t o  t h a t  i n  t h e  f ree  i o n ,  A s imple  c o r r e l a t i o n  e x i s t s ,  I t  i s  i n t e r e s t -  
i n g  t o  n o t e  t h a t  t h e  p o i n t  for GaP i s  not f a r  from t h e  l i n e  f o r  t h e  
1 1 - V I  compounds. The c o r r e l a t i o n  i s  i n t e l l i g i b l e  i f  t h e  r e d u c t i o n  
of B i s  due t o  s c r e e n i n g  of d - o r b i t a l  e l e c t r o s t a t i c  i n t e r a c t i o n s  
by t h e  bonding e l e c t r o n s .  I f ,  as a consequence of t h e  sc reen ing ,  t h e  
2 
-2 
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d - o r b i t a l s  were expanded over  many l a t t i c e  si tes (an extreme case n o t  
r e a l i z e d  i n  p r a c t i c e ,  o f  course) ,  then  t h e y  would f e e l  t h e  f u l l  d i -  
e lec t r ic  s c r e e n i n g  and $ would be e q u a l  t o  n . I f  t h e  s c r e e n i n g  
were small, t h e n  t h e  d - o r b i t a l s  would behave much as i f  t h e y  were i n  
a f r e e  ion ,  and $ would become u n i t y .  I n  accordance w i t h  t h i s  i d e a ,  
at  l a r g e  n t h e  l i n e  of F ig .  5 approaches t h e  l i n e  $ = n , and a t  
-2 
-2 
small  n it approaches t h e  l i n e  B = 1. 
8 The va lue  of $ f o r  Ni(d ) behaves s i m i l a r l y .  There 
i s  as y e t  i n s u f f i c i e n t  evidence t o  d i s c u s s  t h e  v a r i a t i o n  of $ i n  
o t h e r  c o n f i g u r a t i o n s .  
CONCLUSIONS 
I t  i s  c lear  from t h e  d i s c u s s i o n  t h a t  t h e r e  are two 
n q u i t e  s e p a r a t e  e f f e c t s  Oli  d - o r b i t a l  e n e r g i e s  when a 3d impur i ty  i s  
placed s u b s t i t u t i o n a l l y  i n  1 1 - V I  or 1 1 1 - V  semiconductors.  The f i r s t  
i s  a r e d u c t i o n  of t h e  e l e c t r o s t a t i c  i n t e r a c t i o n s  , and t h e  second i s  a 
s p l i t t i n g  of  t h e  d - l e v e l s  by t h e  t e t r a h e d r a l  environment. I t  i s  a l s o  
clear t h a t  t h e  reduct ion  of B i s  a t  l e a s t  a s  impor tan t  as t h e  
s p l i t t i n g ,  A,  i n  governing t r a n s i t i o n  e n e r g i e s .  Any t h e o r y  which 
a t t e m p t s  t o  e x p l a i n  t h e  magnitude of A but which i g n o r e s ,  or f a i l s  
t o  e x p l a i n ,  t h e  magnitude of $ must be of very  l i m i t e d  v a l i d i t y  f o r  
t h e  m a t e r i a l s  d i scussed  here.  Experimental ly ,  t h e  va lue  o f  $ i s  
found t o  b e  s t r o n g l y  dependent on t h e  h o s t  c r y s t a l ,  whi le  A i s  
mainly a f u n c t i o n  of t h e  impuri ty  i t s e l f .  There i s  no d i r e c t  c o r r e -  
l a t i o n  between t h e  two, although broadly  speaking  both  B and A 
decrease as t h e  c r y s t a l  becomes more c o v a l e n t .  
- 9 -  
I t  may w e l l  be t h a t  t h e  use of a c r y s t a l  f i e l d  
d e s c r i p t i o n  w i l l  t u r n  o u t  t o  be an e q u i v a l e n t  r e p r e s e n t a t i o n  of t h e  
r e a l ,  complicated s i t u a t i o n ,  i n  t h e  same sense  t h a t  t h e  use  of opera-  
t o r  e q u i v a l e n t s  can s i m p l i f y  a more complicated problem. (4) 
t h e  e f f e c t s  of covalency  a r e  then  t a k e n  i n t o  account by us ing  empirical 
va lues  of B and A .  The c a l c u l a t i o n  of ground-s ta te  e n e r g i e s  of 
i m p u r i t i e s  r e l a t i v e  t o  t h e  conduction or va lence  band of t h e  h o s t  
Many of 
c rys ta l  (12) was carried through i n  t h i s  s p i r i t .  The importance of 
t h e  r educ t ion  of t h e  e l e c t r o s t a t i c  parameters  i s  apparent  when t h i s  
c a l c u l a t i o n  i s  performed f o r  ZnS and f o r  G a A s .  Energy l e v e l  d i f f e r e n c e s  
of t h e  o r d e r  of lev a r i s e  from d i f f e r e n c e s  of B ,  whereas d i f f e r e n c e s  
of A on ly  c o n t r i b u t e  of t h e  o r d e r  of 0.leV. Our r e s u l t s  sugges t  
t h a t  other c a l c u l a t i o n s ,  such as t hose  of Powell e t .  a l .  
h ighe r  o r d e r  s p l i t t i n g  of 6A1 i n  Mn(d 1, might g i v e  c l o s e r  agreement 
wi th  experiment f o r  cova len t ly  bonded m a t e r i a l s  i f ,  i n s t e a d  of t a k i n g  
B a s  c o n s t a n t  and A as  v a r i a b l e ,  one took A as c o n s t a n t  and B 
on t h e  (13) 
5 
a s  v a r i a b l e .  
F i n a l l y ,  two p r a c t i c a l  p o i n t s  emerge. F i r s t l y ,  a 
c r y s t a l  f i e l d  d e s c r i p t i o n  i n  which t h e  parameters  are e m p i r i c a l  is 
u s e f u l  even for materials a s  cova len t  as GaP or CdTe a l though i t  i s  
beginning t o  break down f o r  GaAs. Secondly,  t h e  va lues  of t h e  para-  
meters can o f t e n  be  estimated by means of t h e  c o r r e l a t i o n s  given he re ,  
a r e s u l t  which i s  of cons ide rab le  u s e  i n  i n t e r p r e t i n g  s p e c t r a .  
- 10 - 
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TABLE I Energy levels  to  second o r d e r  of d6  i n  a t e t r a h e d r a l  f i e l d .  
A = crys ta l  f i e l d  s p l i t t i n g ,  A = s p i n - o r b i t  coup l ing  parameter.  
Z nS (6) 
Main l i n e  2947 
S e p a r a t i o n  1 0 
2 15 
3 26 
4 46 
A - 2h + 24 h2/a  
A - 2h + 12 h2/A 
ZnSe ZnTe CdTe ~ GaP GaAs C a l c .  
2738 2486 2282 3344 3002 
0 0 0 0 0 0 
17 15 1 7  13 14  14 
28 24 28 
43 39 43 
A - 2h + 12 h2/A 5 
A + A + 12 h2/A 
A + A + 6 X2/A 
18 2 A + 3 h  + 5 h / A  
- ~~ ~~~ - 
O 2  
- 6 h / A  
- 12 h / A  
5E - 18 h2/A 
- 24 A / A  
2 
2 
6 
TABLE I1 P o s i t i o n  of t h e  main s h a r p  l i n e  i n  Fe(d ) a b s o r p t i o n  s p e c t r a  
a t  l i q u i d  helium tempera tures ,  and energy  s e p a r a t i o n  of lower- 
energy l i n e s  from t h e  main l i n e .  C a l c u l a t e d  va lues  f o r  
A = 2700, h = -80, A l l  e n e r g i e s  i n  c m  . -1 
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7 TABLE I11 C r y s t a l  f i e l d  parameters f o r  Co(d ) i n  zinc-blende and 
w u r t z i t e  semiconductors 
H o s t  
ZnO 
I t  
Z nS 
ZnSe 
ZnTe 
CdS 
I 1  
CdTe 
GaP 
B 
-1 
775 cm 
7 00 
610 
570 
460 
610 
664 
485 
290 
A 
3900 crn-l 
3900 
3550 
3800 
3450 
3300 
3160 
3150 
5400 
R e f .  
2 
10 
2 
2 
1 
3 
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FIGURE CAF'TIONS 
-. 6 r ' ig.  i ( a )  - ( f )  S p e c t r a  of Fe(d ) a t  i i q u i d  helium tempera ture  
i n  t e t r ahedra l ly -coord ina ted  semiconducting compounds. 
7 Fig .  2(a) - (e) S p e c t r a  of Co(d ) i n  t e t r a h e d r a l l y - c o o r d i n a t e d  s e m i -  
conductors ,  
F i g .2 ( a) - l i q u i d  n i t r o g e n  
Fig.2(b) - (e) - l i q u i d  helium 
F ig .  3 
Fig .  4 
F ig .  5 
V a r i a t i o n  of t h e  p o s i t i o n  of t h e  s t r o n g e s t  s h a r p  l i n e  
i n  t h e  spectrum of Fe(d ) wi th  atom spac ing  of t h e  
h o s t  c r y s t a l .  
6 
V a r i a t i o n  of t h e  c r y s t a l  f i e l d  s p l i t t i n g  A through 
t h e  f i r s t  t r a n s i t i o n  ser ies  f o r  i m p u r i t i e s  i n  1 1 - V I  
semiconductors. 
Key  Q ZnO ZnTe 
Q ZnS x CdS 
d ZnSe + CdTe 
V a r i a t i o n  of t h e  Racah parameter  r e d u c t i o n  f a c t o r  $ 
wi th  n , where n i s  t h e  i n f r a - r e d  r e f r a c t i v e  
index ,  f o r  Co(d ) . 
-2 
7 
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